Background and purpose: Cannabinoids are used therapeutically for the palliation of the adverse side effects associated with cancer chemotherapy. However, cannabinoids also inhibit both the activity and expression of the multidrug transporter, P-glycoprotein in vitro. Here we address the interaction of cannabinol (CBN), cannabidiol (CBD) and D 9 -tetrahydrocannabinol (THC) with the related multidrug transporter, ABCG2. Experimental approach: Cannabinoid inhibition of Abcg2/ABCG2 was assessed using flow cytometric analysis of substrate accumulation and ATPase activity assays. The cytotoxicity and chemosensitization by cannabinoids was determined with cell viability assays. Expression of cannabinoid and vanilloid receptors was assessed using reverse transcriptase polymerase chain reaction, and cannabinoid modulation of ABCG2 expression was examined using immunoblotting. Key results: CBN, CBD and THC increased the intracellular accumulation of the Abcg2/ABCG2 substrate, mitoxantrone, in an over-expressing cell line. The THC metabolite, (À)-11-nor-9-carboxy-D 9 -THC was much less potent. The plant cannabinoids inhibited both basal and substrate stimulated ATPase activity of human ABCG2. Cannabinoid cytotoxicity occurred in the absence of known cannabinoid cell surface receptors, and only at concentrations higher than those required for Abcg2/ABCG2 inhibition. Sub-toxic concentrations of the cannabinoids resensitized the overexpressing cell line to the cytotoxic effect of Abcg2/ABCG2 substrates, mitoxantrone and topotecan. This occurred in the absence of any effect on ABCG2 expression. Conclusions and implications: Cannabinoids are novel Abcg2/ABCG2 inhibitors, reversing the Abcg2-mediated multidrugresistant phenotype in vitro. This finding may have implications for the co-administration of cannabinoids with pharmaceuticals that are ABCG2 substrates.
Introduction
Multiple drug resistance (MDR) is one of the principal causes of chemotherapeutic treatment failure in malignant disease. Several ATP-binding cassette transporters contribute to this MDR phenotype. The first multidrug transporter identified was P-glycoprotein (P-gp) (ABCB1/MDR1) (Juliano and Ling, 1976) . Other multidrug transporters believed to contribute to clinical resistance have since been discovered, including the multidrug resistance-related protein 1 (ABCC1/MRP1) (Cole et al., 1992) and more recently, breast cancer resistance protein (ABCG2/BCRP) (Doyle et al., 1998) . Expression of these proteins in cancer cell lines results in reduced intracellular substrate accumulation and consequently resistance to cytotoxicity as a result of ATP-dependent substrate extrusion.
ABCG2 substrates include a range of clinically employed anticancer agents such as mitoxantrone, topotecan and related drugs (Doyle et al., 1998; Maliepaard et al., 1999; Kawabata et al., 2001; Robey et al., 2001) . ABCG2 is expressed in the liver, placental syncytiotrophoblasts and at the apical surface of epithelial cells in the small intestine, colon and kidney (Jonker et al., 2000; Maliepaard et al., 2001) , where it limits the bioavailability and foetal penetration of substrate xenobiotics (Jonker et al., 2000) . ABCG2 has also been found in haemopoietic stem cells (Zhou et al., 2001) and in brain microvessel endothelial cells (Cooray et al., 2002) , where it may serve a protective function as part of the blood-brain barrier.
ABCG2 has been found to have a significant impact on the pharmacokinetics of substrate drugs. The oral availability of topotecan is predominantly limited by ABCG2 in both mice (Jonker et al., 2000) and humans (Kruijtzer et al., 2002) . Adverse drug interactions due to competition for ABCG2 have also been reported, with co-administration of benzimidazoles with methotrexate causing elevated serum concentrations of methotrexate and its metabolites (Breedveld et al., 2004) . ABCG2 expression in malignant cells may also contribute directly to tumour drug resistance. Induction of ABCG2 mRNA expression following anticancer drug treatment has been reported in both adult (van den HeuvelEibrink et al., 2002) and childhood (Steinbach et al., 2002) acute myeloid leukaemia. Furthermore, ABCG2 is expressed in an array of distinct solid tumours (Diestra et al., 2002) . However, the correlation between tumoural ABCG2 expression and clinical drug resistance requires further investigation.
Cannabis and cannabinoid preparations are used as therapeutic agents. One of the many applications of cannabinoids is in the palliation of cancer chemotherapyinduced nausea, vomiting and anorexia (Tramer et al., 2001) . Indeed, the commercial preparations, Marinol and Cesamet, containing the synthetic D
9
-tetrahydrocannabinol (THC) analogue, dronabinol (or nabilone), are approved in some countries for this use. Interestingly, in the future, cannabinoids might be co-administered with conventional cancer chemotherapies not only in a palliative capacity but also as primary anticancer medications. Accordingly, cannabinoids have demonstrated antiproliferative actions on cancer cells in vitro and in vivo (Guzman, 2003) . In addition, the first Phase I clinical trial assessing the direct antitumour activity of THC on glioblastoma was recently published yielding promising preliminary results (Guzman et al., 2006) .
The use of cannabinoid preparations by chemotherapy patients raises the issue of whether cannabinoid compounds modulate the effectiveness of concurrently administered anticancer agents. We have already assessed the interaction of plant-derived cannabinoids with the multidrug transporter, P-gp, finding that both cannabidiol (CBD) and THC reduced the expression of this efflux pump in a drug-selected human T-lymphoblastoid cell line. However, these drugs did not inhibit the efflux activity of P-gp at the subcytotoxic concentrations assayed (0.1-10 mM) (Holland et al., 2006) . Two independent reports addressing cannabinoid modulation of P-gp have since been published. The first showed that CBD, but not THC, inhibits P-gp efflux activity at concentrations greater than 10 mM (Zhu et al., 2006) . The second study demonstrated that the endocannabinoid anandamide and several synthetic cannabinoids also inhibit P-gp function (Nieri et al., 2006) .
The recent findings that cannabinoids can inhibit both the activity and expression of P-gp led us to investigate whether these compounds affect the related multidrug transporter, ABCG2. We conclude that the plant-derived compounds, cannabinol (CBN), CBD and THC inhibit the activity of both the human and mouse orthologues of wildtype ABCG2, although they do not affect ABCG2 protein expression.
Materials and methods

Cell culture
Mdr1a/b À/À
Mrp1
À/À mouse embryonic fibroblasts (MEF3.8) and the Abcg2 (Bcrp1) transduced subline MEF3.8/Bcrp1 A2 have been described (Allen et al., 2002 Cell viability assays MEF3.8 and MEF3.8/Bcrp1 A2 cells were plated at 1000 cells per well into 96-well plates and allowed to attach overnight. Mitoxantrone (0.1 nM-1 mM), topotecan (1 nM-10 mM), vinblastine (0.01-100 nM), CBN, CBD or THC (all 0.1-100 mM) were added to the plates and incubated for 72 h. Cell viability was then measured using the [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl) (MTS) assay as described previously (Holland et al., 2006) . Maximum vehicle concentrations were 4 Â 10
To assess the ability of CBN, CBD and THC to act as chemosensitizing agents, cells were plated at 2000 cells well À1 and allowed to attach overnight. Vehicle or CBN, CBD and THC (at subcytotoxic concentrations of 2, 5 and 10 mM for mitoxantrone and 10 mM only for topotecan) were then added to the plates, and incubated for 1 h prior to the addition of mitoxantrone (0.01 nM-1 mM), or topotecan (1 nM-10 mM). Maximum vehicle concentrations were 4 Â 10
) ethanol when mitoxantrone was the substrate, and 1 Â 10
tartaric acid with 1.5 Â 10
) ethanol when topotecan was the substrate. The plates were then incubated for 48 h. Medium was aspirated and the plates were stored at À201C for 12 h prior to the addition of SYBR Green I nucleic acid gel stain diluted 1:4000 in 10 mM Tris-HCl (pH 8.3), 5 mM EDTA, 0.1% (v v À1 ) Triton X-100. The plates were then incubated at 4 1C for 7 days. The fluorescence at 485/535 nm was measured using a Wallac VICTOR3V plate reader (PerkinElmer Pty Ltd, Melbourne, VIC, Australia). ) foetal calf serum. Cells were analyzed on a FACScan flow cytometer with a 633 nm helium-neon laser using CellQuest software (BD, North Ryde, NSW, Australia). Mitoxantrone fluorescence (FLH-4) was measured by a 661 nm band pass filter, and gates were set so as to exclude clumps and debris on the basis of forward and side scatter.
ATPase assays
The ATPase activity of wild-type human ABCG2 was measured according to previously described methods (Sarkadi et al., 1992) using the SB-MXR-HAM-Sf9-ATPase Assay purchased from SOLVO Biotechnology (Budapest, Hungary). This kit uses a cholesterol-loaded Sf9 insect cell membrane preparation, which demonstrates similar sensitivity to activation by known ABCG2 substrates as membrane preparations derived from mammalian cells (Pal et al., 2007) . The effect of increasing concentrations of CBN, CBD and THC (80 nM-50 mM) on both the basal ATPase activity and the activity stimulated by the reference substrate sulphasalazine (10 mM) was determined as the difference in inorganic phosphate liberated (mg membrane protein) per min with and without the presence of 1.2 mM sodium orthovanadate using a KH 2 PO 4 calibration curve. Vehicle concentration was kept at 2% (v v
À1
) ethanol across all cannabinoid concentrations assessed. Results are represented as a percentage of maximum activity, which is defined as the ATPase activity in the presence of 10 mM sulphasalazine. The activity in the presence of the cannabinoids was compared at each concentration to the respective control. The effect on basal ATPase activity was compared to that determined in the presence of vehicle alone. The effect on substrate-stimulated activity was compared to the ATPase activity determined in the presence of 10 mM sulphasalazine with inhibitor vehicle present.
RNA isolation and reverse transcriptase polymerase chain reaction Total RNA was isolated using TRIzol Reagent according to the manufacturer's instructions, and treated with DNase I to remove any contaminating genomic DNA. Two micrograms of RNA was then reverse transcribed with Moloney-murine leukaemia virus reverse transcriptase using random hexamers. The cytoplasmic protein, b-actin was amplified as a positive control for cDNA integrity using forward (5 0 -GCG CAAGTACTCTGTGTGGA-3 0 ) and reverse (5 0 -AGGGAGACC AAAGCCTTCAT-3 0 ) primers designed to amplify a 723 bp region of the mRNA sequence (NM_007393). Thermal cycling conditions were 94 1C for 15 min, followed by 35 cycles of 94 1C for 45 s, 55 1C for 20 s, 72 1C for 30 s, with a final cycle of 72 1C for 5 min. Expression of the cannabinoid receptor CB 1 was assayed using forward (5 0 -ACAGGGCAGT ACCCCTTCTT-3 0 ) and reverse (5 0 -AGCCCCTGGTGGTATTCT CT-3 0 ) primers designed to amplify a 175 bp region of the mRNA sequence (NM_007726). Thermal cycling conditions were as above, except with an annealing temperature of 57 1C. Expression of the cannabinoid receptor CB 2 was measured using forward (5 0 -TCATTGCCATCCTCTTTTCC-3 0 ) and reverse (5 0 -GAACCAGCATATGAGCAGCA-3 0 ) primers to amplify a 188 bp sequence from the mRNA sequence (NM_009924), under the same thermal cycling conditions as for CB 1 . Expression of the transient receptor potential vanilloid receptor (subtype 1) (TRPV1) was analysed using forward (5 0 -AAGGCTCTATGATCGCAGGA-3 0 ) and reverse (5 0 -CAGATTGAGCATGGCTTTGA-3 0 ) primers to amplify a 169 bp product from the mRNA sequence (NM_001001445) or a 245 bp product from genomic DNA using the same thermal cycling program, however, with an annealing temperature of 58 1C. 5 Â Orange G Loading dye was then added to the PCR reaction to a final concentration of 1 Â , and 12 ml was loaded into each lane of a 2% (w/v) agarose gel with GeneRuler 50 bp DNA Ladder (Quantum Scientific Pty Ltd, Murarrie, QLD, Australia) for electrophoresis.
Western blot analysis
Whole-cell lysates were prepared from MEF3.8/BCRP and WiDr cells treated with CBN, CBD or THC (0.4, 2 or 5 mM) for 72 h or at 5 mM for 24, 48 or 72 h. Both of these cell lines express wild-type human ABCG2. Cells were trypsinized and washed twice in phosphate-buffered saline before being resuspended in lysis buffer (10 mM Tris-HCl (pH 7.4), 10 mM KCl, 1.5 mM MgCl 2 , 0.5% (v v À1 ) sodium dodecyl sulphate with mini-protease inhibitor cocktail (Roche Diagnostics, Castle Hill, NSW, Australia)) at 4 Â 10 7 cells ml -1 and sonicated on ice. Protein concentration was determined using the BCA Protein Assay Kit (Progen Biosciences, Archerfield, QLD, Australia). Protein (20 mg per lane) was separated using sodium dodecyl sulphate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane. Membranes were cut according to the molecular weight marker. a-tubulin was detected on the low molecular weight portion by sequential incubation with Abcam rat monoclonal YL1/2 a-tubulin antibody (Sapphire Biosciences Pty Ltd, Redfern, NSW, Australia), and anti-rat IgG (H þ L) horseradish peroxidase conjugate (Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA). ABCG2 was detected on the high-molecularweight portion with the monoclonal antibody BXP-21 (Maliepaard et al., 2001) , and the anti-mouse IgG (H þ L) horseradish peroxidase conjugate (Promega Corporation, Annandale, NSW, Australia).
Statistical analysis
The cell viability data were fitted with a sigmoidal concentration-response curve using GraphPad Prism v.4. (GraphPad Software, San Diego, CA, USA), and the IC 50 values were determined as the concentration at which cell viability was reduced by 50%. The subtoxic threshold is determined as the concentration at which cell viability first decreased below 100% according to the 95% CIs (confidence intervals) of the curve fit.
All experimental results were determined in at least duplicate measures. The number of independent experiments performed is described in each figure or table legend. Statistical analysis is described in the individual figure legends.
Chemicals and reagents
Dulbecco's modified Eagle's medium, foetal calf serum, SYBR Green I nucleic acid gel stain, deoxyribonuclease (DNase) I, Moloney-murine leukaemia virus reverse transcriptase and TRIzol Reagent were purchased from Invitrogen (Mount Waverley, VIC, Australia). Mitoxantrone, vinblastine and THC were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). CBN was purchased from Australian Government Analytical Laboratories (Pymble, NSW, Australia) and CBD from Australian Laboratory Services Pty Ltd (Sydney, NSW, Australia). THC-A was purchased from Novachem Pty Ltd (Collingwood, VIC, Australia). Topotecan was the clinical formulation (hycamptin) provided by Glaxo Smith Kline, (Boronia, VIC, Australia). BXP-21 was provided by Dr George Scheffer (Free University Medical Centre, Amsterdam, The Netherlands).
Drugs were prepared as stock solutions prior to use in experiments. Mitoxantrone (50 mM) and Ko143 (1 mM) were dissolved in DMSO. Vinblastine (22 mM), CBD (30 mM), CBN (30 mM) and THC (86 mM) were dissolved in ethanol. Topotecan (10 mM) was dissolved in tartaric acid. THC-A was purchased as a 2.8 mM stock in methanol.
Results
Cell viability assays
Cell viability assays were conducted to confirm the resistant phenotype in the Abcg2 overexpressing MEF3.8/Bcrp1 A2 cell line. The MEF3.8/Bcrp1 A2 cells were found to have increased resistance to the cytotoxic action of the BCRP substrates, mitoxantrone (11 Â ) and topotecan (64 Â ) when compared to the parental MEF3.8 cell line (Table 1) . This is consistent with increased expression of Abcg2 in the transduced subline (Allen et al., 1999) . The MEF3.8/Bcrp1 A2 cells were not resistant to vinblastine, as it is not an Abcg2 substrate (Litman et al., 2000) . Taken together, this confirms that the resistant phenotype is due to Abcg2 overexpression. Interestingly, Abcg2 overexpression did not confer resistance to the cytotoxic effects of CBN, CBD or THC in the MEF3.8/ Bcrp1 A2 cell line (Table 1) .
The effect of cannabinoids on BCRP substrate accumulation The intracellular accumulation of the ABCG2 substrate, mitoxantrone, was assayed in MEF3.8 and MEF3.8/Bcrp1 A2 cells using flow cytometry. The potent Abcg2 inhibitor Ko143 (Allen et al., 2002) was used as a positive control and comparison. CBN, CBD and THC significantly increased the accumulation of mitoxantrone (FLH-4) in the MEF3.8/ Bcrp1 A2 cell line in a dose-dependent manner (Figure 1) .
None of these plant-derived compounds significantly affected the accumulation of mitoxantrone in the parental MEF3.8 cell line within the concentration range assayed, indicating that the effect observed is unique to the Abcg2 overexpressing cell line, as endogenous expression of Abcg2 in the MEF3.8 cell line is extremely low (Allen et al., 2000) . A principal, non-psychotropic metabolite of THC was also assayed (THC-A). This compound reduced the intracellular accumulation of mitoxantrone in the parental cell line, while only marginally increasing the accumulation within the MEF3.8/Bcrp1 A2 cell line. Thus, it was not further investigated.
The effect of cannabinoids on ABCG2 ATPase activity Using the SB-MXR-HAM-Sf9-ATPase assay kit, cholesterolloaded Sf9 membranes overexpressing human wild-type ABCG2 were tested for ATPase activation and inhibition by the cannabinoids CBN, CBD and THC (Figure 2 ). All three compounds were found to significantly inhibit both the basal ATPase activity of ABCG2 and that stimulated by the known substrate, sulphasalazine (10 mM). Fitting the data with a sigmoidal concentration-response curve revealed the 50% inhibitory concentration (IC 50 ) for basal activity to be 3.6 mM for CBD and 1.7 mM for THC. The IC 50 values for the activity stimulated by 10 mM sulphasalazine were determined to be 4.5 mM for CBN, 7.3 mM for CBD and 4.4 mM for THC. The effect of cannabinoids on the basal and substrate stimulated activity of ABCG2 mimics that previously reported for the known ABCG2 inhibitor Ko143 (Allen et al., 2002; Pal et al., 2007) . In contrast to other known wild-type ABCG2 substrates, no significant stimulation of basal ATPase activity was observed for any of the cannabinoids within the concentration range tested (80 nM-50 mM) (Pal et al., 2007) .
Cannabinoid and vanilloid receptor expression
The antiproliferative effects of cannabinoids are mediated by the cannabinoid receptors CB 1 (Portella et al., 2003) , CB 2 (McKallip et al., 2006) or TRPV1 (Contassot et al., 2004) , depending on the receptor agonist or the cancer cell type investigated. In addition, receptor-independent mechanisms (Ruiz et al., 1999) may be involved. To investigate the potential role of these receptors in the cannabinoid-induced reduction in cell viability of MEF3.8 and MEF3.8/Bcrp1 A2 cells (Table 1) , the expression of the murine orthologues of CB 1 , CB 2 and TRPV1 was assayed using reverse transcriptase PCR. Figure 3 shows that no mRNA transcripts for these receptors could be detected, indicating that the cytotoxic effects of cannabinoids in these mouse embryonic fibroblast cell lines occurs independently of these receptors. The quality of the template was confirmed by the amplification of a 723 bp fragment from the ubiquitously expressed b-actin (Actb) transcript. Genomic DNA was used as a positive control for the reaction and amplification conditions. The results are representative of three independent experiments.
Cannabinoids as chemosensitizers
To confirm that cannabinoid inhibition of Abcg2 activity will reverse the Abcg2-mediated multidrug-resistant phenotype, we assessed the ability of subtoxic concentrations of the cannabinoids (see Table 1 ) to sensitize the Abcg2 overexpressing cell line to the cytotoxic effects of the Abcg2 substrates, mitoxantrone (Table 2 ) and topotecan (Figure 4) . Subtoxic concentrations of CBN, CBD and THC significantly reduced the IC 50 of mitoxantrone in the MEF3.8/Bcrp1 A2 cell line in a dose-dependent manner. No significant change in the IC 50 of mitoxantrone was observed in the parental MEF3.8 cell line. While the Abcg2-mediated resistance to mitoxantrone was not completely abolished in the MEF3.8/Bcrp1 A2 cell line at the highest concentration of the cannabinoids (10 mM), it was reduced by approximately 4-to 6-fold, an effect of comparable magnitude to the positive control Ko143 (20 nM).
A reduction in the IC 50 of topotecan was also observed with 10 mM of each of the cannabinoids in the MEF3.8/Bcrp1 A2 cell line (Figure 4) , with no significant effect on the potency of topotecan in the MEF3.8 parental cell line. The effect of CBN was similar to that observed for Ko143 (20 nM) with the fold resistance (IC 50 MEF3.8/Bcrp1 A2 with modulator/IC 50 MEF3.8 vehicle) being reduced from 60-fold for vehicle to 11-fold for Ko143, and to 8-, 41-and 42-fold for CBN, CBD and THC, respectively.
The effect of cannabinoids on ABCG2 expression
Previously we have reported that cannabinoids reduce the expression of the multidrug transporter P-gp (Holland et al., 2006) in a drug-selected human cell line. Here we examined the effect of cannabinoids on the levels of ABCG2 in MEF3.8/ BCRP and WiDr cells. The MEF3.8/BCRP cell line expresses human ABCG2 from an moloney murine leukemia virus longterminal repeat (MMLV LTR), as integrated provirus, as does the MEF3.8/Bcrp1 A2 cell line used in the other assays described here. The lack of an antibody targeted to mouse Abcg2 meant that it was not possible to directly assess the levels of protein expression in the MEF3.8/Bcrp1 A2 cells; therefore, the MEF3.8/BCRP cell line was employed here as an equivalent expression system. We wished to determine the effect of chronic (up to 72 h) cannabinoid exposure on 
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ML Holland et al ABCG2 expression to determine if changes in expression levels were contributing to the effect of the cannabinoids on the cytotoxicity of ABCG2 substrates. Furthermore, by comparing expression in a transduced (MEF3.8/BCRP) and an endogenously expressing cell line (WiDr), we would obtain preliminary evidence as to whether any observed effects were transcriptional or post-transcriptional in origin.
Neither a concentration nor a time-dependent effect (Figure 5) was seen for CBN, CBD or THC on the levels of ABCG2 when expression was driven from either the retroviral LTR or endogenous human promoter.
Discussion and conclusions
Recent research shows that cannabinoids inhibit the activity and expression of the ABC transporter P-gp (Holland et al., 2006; Nieri et al., 2006; Zhu et al., 2006) . Here we present the .7) first in vitro evidence that plant-derived cannabinoids also inhibit activity of the related transporter ABCG2/Abcg2. CBN, CBD and THC increased the intracellular accumulation of the ABCG2 substrate mitoxantrone in an Abcg2 overexpressing cell line (MEF3.8/Bcrp1 A2) with the THC metabolite (À)-11-nor-9-carboxy-D 9 -THC demonstrating much weaker activity. In addition, CBN, CBD and THC inhibited both the basal ATPase activity of wild-type human ABCG2 and the activity stimulated by the known substrate sulphasalazine. Such results support the notion that plant cannabinoids directly interact with the transporter and inhibit activation by substrates. Although the cannabinoids were cytotoxic to MEF3.8 cells, this occurred at higher concentrations than those required for ABCG2 inhibition. Importantly, subcytotoxic concentrations of CBN, CBD and THC reversed the MDR phenotype of MEF3.8/Bcrp1 A2 cells, resensitizing these cells to the cytotoxic actions of the Abcg2 substrates mitoxantrone and topotecan.
The MEF3.8 cell line and its Bcrp1-and BCRP-transduced sublines proved appropriate models, as seen in the large resistance factors for mitoxantrone and topotecan. These cell lines are derived from a double knockout of the mouse orthologues of both P-gp and multidrug resistance-related protein 1. Moreover, the expression of Mrp2 and Mrp3 is undetectable in the MEF3.8 cells (Allen et al., 2002) . This eliminates the possibility that these transporters may contribute to any of the observed effects in this cell line. Interestingly, overexpression of Abcg2 did not confer resistance to the cytotoxic effect of the cannabinoids CBN, CBD or THC. The antiproliferative actions of cannabinoids have been attributed to activation of cell surface receptors such as CB 1 , CB 2 and/or TRPV1 dependent on which cells are examined and the cannabinoid receptor agonist used (Portella et al., 2003; Contassot et al., 2004; McKallip et al., 2006) . However, mRNA transcripts for the mouse orthologues of the CB 1 , CB 2 or TRPV1 receptors could not be detected in the MEF3.8 cell line, ruling out their involvement in the cannabinoid-induced cytotoxicity observed here. Given the lipophilicity of these compounds and the high concentrations required for cytotoxicity, it is likely that the antiproliferative actions of cannabinoids in the MEF3.8 cell line are mediated by other intracellular actions. The lack of difference in sensitivity to cannabinoid-induced cytotoxicity in the parental and Abcg2 overexpressing cell lines implies that these agents are not Abcg2 substrates. Future studies are required to determine unambiguously whether cannabinoids are substrates for ABCG2.
CBN, CBD and THC selectively increased the intracellular accumulation of mitoxantrone in Abcg2 overexpressing cells, with no effect observed on the parental cells. This implies that the cannabinoids either inhibit the activity of Abcg2 and/or compete with mitoxantrone as a substrate for Abcg2. Unlike the plant-derived cannabinoids, the metabolite THC-A had a negligible, non-selective effect. Notably, THC-A is significantly less lipophilic than its parent compound THC and the other plant-derived cannabinoids CBD and CBN (Thomas et al., 1990; Skopp et al., 2002) . The weaker modulation of Abcg2 by THC-A implies that relative hydrophobicity may be an important requirement for Abcg2 interaction, which provides evidence that Abcg2 may act in a similar manner to P-gp and recognizes substrates after partitioning within the inner leaflet of the membrane (Sharom, 2006) . Consistent with this, Abcg2 has been found to redistribute the lipid phosphatidylserine from the inner to outer membrane leaflet (Woehlecke et al., 2003) and to transport the lipophilic substrate Hoechst 33342 from within the phospholipid bilayer into the aqueous lumen when expressed in inside-out vesicles (Janvilisri et al., 2003) .
The modulatory actions of cannabinoids on Abcg2 activity appears to be due to a direct interaction with the transporter, as the cannabinoids THC, CBD and CBN inhibit wild-type human ABCG2-mediated ATPase activity in isolated cholesterol-loaded Sf9 insect membrane preparations. All compounds inhibited the ATPase activity of ABCG2 when stimulated by the substrate sulphasalazine confirming that inhibition of transport is not limited to a single substrate, with mitoxantrone transport also affected as demonstrated by the substrate accumulation assays. The inhibitory effects of CBN, CBD and THC on the substrate-stimulated ATPase activity of ABCG2 were concentration dependent, and more potent (IC 50 : 4.4-7.3 mM) than that previously reported for CBD inhibition of P-gp (IC 50 : 39.6 mM) (Zhu et al., 2006) . In contrast to the stimulation of basal ATPase activity by CBN, CBD, THC and THC-A reported for P-gp (Zhu et al., 2006) , we also observed a clear inhibition of basal ABCG2 ATPase activity by all three plant-derived compounds (IC 50 : 1.7-4.4 mM). Indeed, the ATPase activation/inhibition profiles for the cannabinoids obtained here resemble those previously reported for the known ABCG2 inhibitor Ko143 (Allen et al., 2002; Pal et al., 2007) . This contrasts with previous findings for the ABCG2 substrates, topotecan and prazosin, where stimulation of basal ATPase activity was observed in this system (Pal et al., 2007) . These data together with the lack of reduced sensitivity to cannabinoid cytotoxicity in the Abcg2-overexpressing cell line suggests that these compounds are not effectively transported by ABCG2/Abcg2. However, this evidence is not conclusive, since the lipophilic ABCG2 substrate Hoechst 33342 has also previously been found to inhibit the basal activity of ABCG2 in this system (Pal et al., 2007) . As cannabinoids are strongly lipophilic themselves (Thomas et al., 1990) , it cannot be ruled out that they interact with ABCG2 in a similar manner to Hoechst 33342. Specific drug-binding sites in wild-type ABCG2 have not, to the best of our knowledge, yet been identified, so further speculation on the mechanism of cannabinoid inhibition of drug transport by ABCG2 is not possible.
Reinforcing our conclusion that cannabinoids inhibit ABCG2, we report here that cannabinoids act as chemosensitizers. Subtoxic cannabinoid concentrations reversed the resistance of the Abcg2 overexpressing cell line (MEF3.8/ Bcrp1 A2) to the cytotoxic effects of mitoxantrone and topotecan. Sensitization by cannabinoids was limited in the parental line suggesting the effect observed is Abcg2 specific. The resistance-reversing actions of the cannabinoids were concentration dependent, with a 4-to 6-fold reduction in the IC 50 of mitoxantrone observed with the highest concentration tested (10 mM). This reduction in the IC 50 was comparable to that observed with the known inhibitor of Abcg2/ABCG2 Ko143 (20 nM). The clinically employed Abcg2/ABCG2 substrate topotecan was also assessed, and reversal in Abcg2-mediated resistance was observed in the presence of each of the cannabinoids (10 mM). In vitro, ABCG2 confers resistance to several clinically employed anticancer drugs, including mitoxantrone, bisantrene, topotecan, SN-38, 9-aminocamptothecin and flavopiridol (Doyle et al., 1998; Maliepaard et al., 1999; Kawabata et al., 2001; Robey et al., 2001) . As such, the finding that cannabinoids can act as chemosensitizers in vitro suggests that cannabinoids may improve the efficacy of chemotherapeutic treatment where MDR is mediated by ABCG2.
Previously we reported that CBD and THC reduced the expression of P-gp in a human drug-selected cell line and that this conferred a degree of resensitization to the cytotoxic effects of P-gp substrates (Holland et al., 2006) . To establish whether chronic cannabinoid exposure has any effect on ABCG2 expression, we examined ABCG2 protein levels by immunoblot after exposure to CBN, CBD or THC for 24-72 h. We found no change in ABCG2 expression levels relative to the cytoskeletal protein, a-tubulin in either a transduced or endogenously expressing cell line, indicating no transcriptional or post-transcriptional effects on protein expression. Therefore, we conclude that the resensitization by cannabinoids to the cytotoxic effects of ABCG2 substrates reported here is not due to a cannabinoid-induced reduction in ABCG2 expression.
In addition to its potential role in mediating multidrug resistance, the expression of ABCG2 at pharmacological barriers such as the intestinal epithelium has demonstrated in vivo importance in the disposition and pharmacokinetics of substrate drugs (Jonker et al., 2000; Kruijtzer et al., 2002) . Thus, cannabinoid-mediated ABCG2 inhibition may have important implications for clinical effectiveness and/or toxicity of ABCG2 substrate drugs that are co-administered with cannabis or commercially available cannabinoid preparations. Despite the inhibitory action of cannabinoids on ABCG2 being more potent than previous reports for P-gp (Zhu et al., 2006) , relatively high concentrations (greater than 2 mM) of these compounds were required to produce a significant resensitization to the effects of ABCG2 substrates. In vivo, cannabinoid blood levels are unlikely to reach this concentration (Goodwin et al., 2006) . However, considerably higher concentrations at the intestinal epithelium might be achieved during oral dosing, as THC has a relatively low oral bioavailability of 10-20% (Wall et al., 1983) . Further in vivo studies are required to assess the ability of cannabinoids to influence the disposition and pharmacokinetics of ABCG2 and P-gp substrate drugs.
To conclude, this is the first study to address the interaction of cannabinoids with the multidrug transporter ABCG2/Abcg2. The results presented here indicate that plant-derived cannabinoids are a novel class of ABCG2/ Abcg2 inhibitors. Our results may have important implications for the use of cannabinoid compounds with therapeutic drugs that are substrates for ABCG2.
